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A single photon in a strongly nonlinear cavity is able to block the transmission
of the second photon, thereby converting incident coherent light into anti-bunched
light, which is known as photon blockade effect. On the other hand, photon anti-
pairing, where only the entry of two photons is blocked and the emission of bunches
of three or more photons is allowed, is based on an unconventional photon blockade
mechanism due to destructive interference of two distinct excitation pathways. We
propose quantum plexcitonic systems with moderate nonlinearity to generate both
anti-bunched and anti-paired photons. The proposed plexitonic systems benefit from
subwavelength field localizations that make quantum emitters spatially distinguishable,
thus enabling a reconfigurable photon source between anti-bunched and anti-paired
states via tailoring the energy bands. For a realistic nanoprism plexitonic system, two
schemes of reconfiguration are suggested: (i) the chemical means by partially changing
the type of the emitters; or (ii) the optical approach by rotating the polarization angle of
the incident light to tune the coupling rate of the emitters. These results pave the way
to realize reconfigurable nonclassical photon sources in a simple quantum plexcitonic
platform with readily accessible experimental conditions.
Introduction
Generation and manipulation of nonclassical light lie at the heart of quantum science and
technology. For example, quantum key distribution and quantum random number generation
rely on single photons for secure quantum communication,1,2 while quantum metrology and
sensing exploit wave packets of a fixed number of photons to achieve enhanced sensitivity
and energy efficiency.3,4 Conventionally, such single photon sources can be realized when a
quantum emitter is strongly coupled to a cavity, in which the optical nonlinearity is present
at a single photon level. The resulting energy levels form the anharmonic Jaynes-Cummings
ladder, which gives rise to conventional photon blockade (PB). In PB, an emitter in a cavity
effectively modifies the cavity resonance after a single photon is absorbed, preventing subse-
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quent photons to pass through and creating an anti-bunched single photon stream. This PB
effect has been realized in quantum dot-cavity systems,5 spin ensemble-cavity systems,6,7
Kerr-nonlinearity cavities,8 transmission line resonators,9 and optomechanical systems.10
The signature of PB is usually observed by measuring the second-order correlation function
at zero delay g(2)(0). The value of g(2)(0) < 1, manifesting a sub-Poissonian photon statistics,
indicates that the system is in PB regime.
Recently, an alternative route is found to achieve photon blockade for generating nonclas-
sical light in cavity quantum electrodynamic systems.11–15 It is predicted that the “strong
coupling” condition to attain PB could be relaxed if more than one cavity or emitter is
employed.16,17 This new mechanism, known as unconventional photon blockade (UPB), re-
lies on the destructive quantum interference between different excitation pathways.18,19 The
UPB should be jointly characterized by the second- and third-order correlation functions
at zero delay, which requires g(2)(0) < 1 and g(3)(0) > 1. Unlike the conventional PB,
UPB suppresses the emission of two photons only, and allows the emission of single pho-
ton, as well as bunches of three or more photons simultaneously. The realization of UPB
has been extensively proposed in optomechanical systems,20 quantum dot-cavity systems,21
Kerr-nonlinearity cavities,22 and weakly nonlinear photonic molecules.23 In light of these ef-
forts, UPB could not only advance the development of single photon sources, but also enable
the multiphoton emission that probably unveils richer physics.17
In this work, we explore the possibility to realize both photon blockade effects in the same
Jaynes-Cummings type of quantum plexcitonic system; and more interestingly, to switch be-
tween PB and UPB freely. Plexcitons refer to polaritonic modes that result from coherent
coupling between plasmons (i.e., collective electron oscillations in a nanoscale plasmonic cav-
ity) and excitons (i.e., excitation quanta of the emitter). Recently, three individual exper-
iments on different plexcitonic systems, i.e., silver-bowtie/semiconductor-quantum-dots,24
gold-nanoparticle-on-mirror/dye-molecules,25 and cuboid-Au@Ag-nanorod/J-aggregates,26 have
concurrently confirmed that room-temperature strong coupling between a single quantum
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Figure 1: Quantum plexcitonic system for a reconfigurable single photon source.
(a) Energy level diagram showing a two-level quantum emitter coupled to a cavity field
in resonance, with coupling rate g. The suppression of two-photon emission is due to the
anharmonic Jaynes-Cummings ladder for photon blockade (PB), and the destructive inter-
ference of two distinct excitation pathways for unconventional photon blockade (UPB). (b)
Detailed excitation pathway analysis of UPB for one-, two-, and three-photon emission. (c)
Schematics of the proposed quantum plexcitonic system for a reconfigurable single photon
source between anti-bunched (PB) and anti-paired (UPB) states.
emitter and a single plasmonic cavity is indeed feasible with reported coupling rates of 120
meV,24 90 meV25 and 78 meV,26 respectively. These experiments at a single emitter level
successfully push plasmonics into the quantum regime, where the anharmonic energy struc-
ture is now in action as illustrated in Fig. 1a, making PB highly feasible. In fact, the
second-order correlation function of the photon emission statistics has been recently mea-
sured at room temperature by coupling a single molecule with a plasmonic nanocavity, and
is found to be pump wavelength dependent, varying from g(2)(0) = 0.4 to 1.45.27 Moreover,
UPB is also readily achievable in such a plexcitonic system by carefully engineering the
quantum interference between different excitation pathways for multiple photons. Taking
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the two-photon case as an example elaborated in Fig. 1b, two distinct excitation pathways
(i.e., path #1: |0, 0〉 → |1, 0〉 → |2, 0〉 and path #2: |0, 0〉 → |1, 0〉 → |0, 1〉 → |1, 1〉 → |2, 0〉)
could destructively interfere and thus the two-photon emission is suppressed. Here, |i, j〉 rep-
resents a plexcitonic state, where i and j correspond to the number of plasmons and excitons,
respectively.
Compared to the photon blockade in photonic microcavity systems,28–31 the plexcitonic
nanostructures provide subwavelength extreme localization of plasmon fields beyond the
diffraction limit,32 where the strong light-matter interaction is easier to be realized. More
essentially, even the same type of emitters are involved, they can still be spatially distin-
guishable by the plasmon fields distributions, leading to greater degree of freedom to design
a reconfigurable nonclassical photon source. Due to the relatively large resonant and tran-
sition energies for both plasmons and excitons (i.e., h¯ω ∼ 2 eV), the mean thermal photon
number,33 nth = [exp (h¯ω/kBT ) − 1]−1, is nearly zero at room temperature (T ∼ 300 K)
with thermal energy kBT ∼ 0.026 eV. Thus the plexcitonic system is more robust against
temperature, in contrast to the cryogenic-temperature requirement for photonic microcavity
systems.
Our proposed quantum plexcitonic system is schematically illustrated in Fig. 1c, which
operates as a reconfigurable single photon source driven by coherent light. The plexcitonic
system consists of an Au nanoparticle (AuNP) plasmonic nanocavity (resonant energy ωc,
decay rate κ) and distinguishable quantum emitters (transition energy ωe1 or ωe2, decay rate
γe1 or γe2) with coupling rate of ge1 or ge2 to the plasmonic cavity. By carefully designing
this plexcitonic system, we are able to realize either PB or UPB effect. As shown in Fig. 1c,
PB generates anti-bunched single photon beam, whereas UPB generates anti-paired photons
with certain probability to emit bunched photons of three or more. It should be noted that
a spherical AuNP is drawn in Fig. 1c for illustration purpose only. In practice, plasmonic
nanocavities offering strong field localization, such as bowtie,24 NP-on-mirror,25,34 cuboid
Au@Ag nanorod26 or nanoprism35,36 (shown later as our case study), would be more feasible.
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Results and discussions
A full quantum mechanical description based on the Lindblad master equation is used to
describe the quantum emitter, plasmonic cavity and the interaction between them (see Meth-
ods). Briefly, within the rotating frame,37,38 our quantum plexcitonic system, driven by a
weak coherent light (laser field El = κ/50 unless otherwise stated and laser frequency ω),
can be described by the following Hamiltonian:
H = ∆ca
†a+ ∆e1σ+e1σ
−
e1 + ∆e2σ
+
e2σ
−
e2 + ge1(aσ
+
e1 + a
†σ−e1) + ge2(aσ
+
e2 + a
†σ−e2) + El(a+ a
†),
(1)
where the first three terms represent the energies of the cavity and emitters, with ∆c = ωc−ω
and ∆ej = ωej−ω (j = 1, 2) being the laser detunings for the cavity and emitters, respectively.
The cavity field is represented by bosonic operators with commutation relation [a, a†] = 1,
and the emitters (e.g., e1 and e2) are modeled as two-level excitonic systems ωejσ
+
ejσ
−
ej. The
fourth and fifth terms represent the couplings between the cavity and the emitters via the
Jaynes-Cummings interaction gej(aσ
+
ej + a
†σ−ej). The last term corresponds to the coherent
driving of the cavity. Meanwhile, the plasmonic cavity and the emitters are exposed to
dissipative environments, which are described by the density matrix ρ following a Lindblad
master equation:
∂tρ = i[ρ,H] +
κ
2
D[a]ρ+ γe1
2
D[σ−e1]ρ+
γe2
2
D[σ−e2]ρ, (2)
where κ and γej are the decay rates of the cavity and the emitters, respectively. The Lindblad
terms D[oˆ]ρ = 2oˆρoˆ†−ρoˆ†oˆ−oˆ†oˆρ with oˆ = a or σ−ej, describe the different dissipation channels
from either cavity or emitters to the environment. We quantify the photon blockade effects
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by analyzing the equal-time second- and third-order correlations of the cavity field:
g(2)(0) =
〈a†2a2〉
〈a†a〉2 , g
(3)(0) =
〈a†3a3〉
〈a†a〉3 , (3)
where the expectation value of an operator 〈oˆ〉 is obtained by 〈oˆ〉 = Tr[ρoˆ], with Tr denoting
the trace of a matrix.14,17
In modern quantum optics, the equal-time correlation function g(n)(τ = 0) has been
employed as a criterion to characterize the statistical and coherent properties of a light source,
where n is the order of the correlation function and τ is the time delay. For g(n)(0) > 1,
g(n)(0) = 1, or g(n)(0) < 1, the n-photons are bunching, coherent, or anti-bunching, following
super-Poissonian, Poissonian, or sub-Poissonian statistics, respectively.14,17 By comparing
any light source against a coherent light source with Poissonian distribution, it can be known
that the n-photon emission is enhanced when g(n)(0) > 1 (classical light) and suppressed
when g(n)(0) < 1 (quantum light). In this work, we use the criterion of suppressed g(2)(0) < 1
and g(3)(0) < 1 correlations to indicate the conventional photon blockade with sub-Poissonian
photon distribution. On the other hand, suppressed g(2)(0) < 1 but enhanced g(3)(0) > 1
define the unconventional photon blockade,14,17,19 where two-photon emission is suppressed
but the enhanced third-order correlation implies the emission of multiple photons.
Plexcitonic systems with indistinguishable emitters
We start our discussions with a plexcitonic system with indistinguishable emitters (notated
as e1), meaning that any additional emitters are identical. In our study, the plasmonic cavity
(ωc = 2 eV, κ = 350 meV) and the decay rate of emitter γe1 = 80 meV are fixed unless
otherwise stated. In general, we can set the state of this cavity-e1 plexcitonic system by
adjusting the detuning ∆e1,c = ωe1 − ωc or the coupling rate ge1 between the plasmonic
cavity and the emitter. As an example, only the effect of energy detuning ∆e1,c will be
analyzed here. Figures 2a-2b present g(2)(0) and g(3)(0) for plexcitonic systems bearing the
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same coupling rate of ge1 = 80 meV but various detunings ∆e1,c. Areas of both g
(2)(0) < 1
and g(3)(0) < 1 indicate the conventional PB, and areas of g(2)(0) < 1 but g(3)(0) > 1 define
UPB. Interestingly, photon blockade is always observed in a narrow blue/red region when
the probing frequency ω is close to the frequency of emitter, because the nonlinearity of our
plexcitonic system arises from the quantum emitter (a two-level system). Otherwise, when
ω is far away from the frequency of emitter, only the coherent light can be observed, i.e.,
the white-colour regions with g(2)(0) = 1 and g(3)(0) = 1.
Figure 2: Plexcitonic systems with indistinguishable emitters. (a)-(b) The effect of
the detuning between the emitter and the cavity ∆e1,c on the correlation functions at zero
delay g(2)(0) and g(3)(0). Symbol “circle” denotes a resonant system with UPB effect. Symbol
“diamond” denotes an off-resonant system with PB effect. (c)-(d) The two representative
plexcitonic systems denoted by circle and diamond: (c) anti-paired photon source based
on UPB with ∆e1,c = 0 and (d) anti-bunched photon source based on PB with ∆e1,c =
− 205 meV. The lines and the dots are the simulation results from the Lindblad master
equation and the analytic solutions from the equations-of-motion method, respectively. (e)-
(f) Photon statistics. The suppressed two-photon emission probability and enhanced three-
photon emission probability (δP2 < 0, δP3 > 0) in (e) and the suppression of both two-photon
and three-photon emission probabilities (δP2 < 0, δP3 < 0) in (f) indicate the emergence of
UPB and PB for the plexcitonic systems shown in (c) and (d), respectively. (g) Calculated
energy level diagrams, overlapped with the extinction spectra representing the density of
states, for the plexcitonic systems in (c) and (d). (h) The phase difference δθ between the
interference pathways for the UPB system in (c). In present study, ωc = 2 eV, κ = 350 meV,
γe1 = 80 meV, and ge1 = 80 meV are fixed; ωe1 is the variable.
Typically, we have resonant (∆e1,c = 0) and off-resonant (∆e1,c 6= 0) systems. Among all
the systems bearing the same coupling rate of ge1 = 80 meV shown in Figs. 2a-2b , a resonant
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system (indicated by the circle symbol) manifests the feature of UPB (i.e., g(2)(0) < 1 and
g(3)(0) > 1), while an off-resonant system (indicated by the diamond symbol) with detuning
|∆e1,c| > 100 meV will enter into the PB regime (i.e., g(2)(0) < 1 and g(3)(0) < 1). These
two representative systems are illustrated in Figs. 2c-2d. For the UPB anti-paired system
shown in Fig. 2c, two-photon emission is suppressed (g(2)(0) < 1) whereas three or more
photons emit cooperatively (g(3)(0) > 1), when driven by a laser of energy around ω = 2
eV. The other system in Fig. 2d, with a detuning of ∆e1,c = −205 meV, will support PB at
a different laser energy around ω = 1.82 eV, where the photon is emitted one after another
antibunchingly with g(2)(0) < 1 and g(3)(0) < 1. Besides PB, there is another interesting
peak at 1.78 eV, accounting for the photon bunching regime39 for our multi-level plexcitonic
system. In a two-level system, the transition occurs from the excited state to the ground
state, and only one photon is generated, which is reflected by g(2)(0) < 1 constantly in the
spectrum. However, for a multi-level system such as our plexcitonic system, there are other
emission paths from N -photon Fock states (N > 1) to the ground state. These N -photon
processes could generate bunching photons and lead to g(2)(0) > 1 and g(3)(0) > 1.
To illustrate the suppression and enhancement of m-photon emission unambiguously, we
also analyze the photon statistics (see Methods) and present the photon-number distribution
P = {Pm|m = 0, 1, 2, ...}, which is directly related to the photon correlation function, in Figs.
2e and 2f, for the two representative plexcitonic systems in Figs. 2c and 2d. In the context of
a lossy plexcitonic system, when the population ofm-photons Pm is suppressed (or enhanced),
i.e., δPm < 0 (or > 0), the m-th order correlation is simultaneously suppressed (or enhanced),
i.e., g(m)(0) < 1 (or > 1). Here, δPm = (Pm − Pm)/Pm represents the relative deviation of
a given photon-number distribution from the corresponding Poissonian distribution Pm of
the coherent light. From the photon statistics of the first system shown in Fig. 2e, two-
photon emission is suppressed while three-photon emission is enhanced, corresponding to the
characteristics of the UPB photon source. In contrast, for the other system in Fig. 2f, both
two-photon and three-photon emissions are suppressed, manifesting the PB feature. In both
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cases, a slightly enhanced single photon emission are observed. It is worth highlighting that
this analysis of photon statistics provides a possible experimental route via photon counting
experiments40–45 to reconstruct the correlation functions for verifying our proposal.
To explain the underlying mechanism, we plot the energy level diagrams of the above two
plexcitonic systems in Fig. 2g. On top of it, we also plot the calculated extinction spectra26
showing Rabi splitting to represent the energy level broadening effect due to the finite decay
rate. The energy level diagram is recovered when the decay rate is set to zero. Therefore we
use this extinction spectra to describe the number of states that are available to be occupied
in the plexcitonic system around each energy level, similar to the concept of density of states
(DOS) in condensed matter physics. It is interesting to note that the large decay rate of
plasmonic cavity κ = 350 meV effectively creates more optical states near each energy level,
even at the dip of the Rabi splitting. For the resonant UPB system driven by the laser field
ω = 2 eV (green arrows), the second photon is able to enter into the second energy band and
populate the energy states with certain probability. The second photons excited via distinct
pathways interfere destructively, leading to the suppression of two-photon emission (see Fig.
2h below). On the other hand, for the PB off-resonant system, the energy levels are shifted
downward, accompanied by the asymmetric extinction spectra. When driven by a laser with
ω = 1.82 eV (grey arrows), it is clear that the second photon is no longer able to enter into
the second energy band, leading to PB.
Our numerical calculations can be analytically reproduced by the equations-of-motion
method (see Supporting Information). Briefly, we introduce anti-Hermitian terms into the
Hamiltonian to describe the dissipations of the cavity and emitter,46 then truncate the
Hilbert space up to 3-plexciton states to approximately calculate the correlations at zero
delay g(2)(0) and g(3)(0). The probability amplitudes of the 0-, 1-, 2- and 3-plexciton states
are defined as {c1}, {c2, c3}, {c4, c5}, and {c6, c7}, which can be derived analytically.
Accordingly, g(2)(0) and g(3)(0) can be approximated as g(2)(0) ≈ 2|c5|2|c2|4 and g(3)(0) ≈
6|c7|2
|c2|6 .
As shown in Figs. 2c-2d, these analytic solutions are in excellent agreement with those
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obtained from the Lindblad master equation.
From the physical point of view, the suppression of two-photon emission in UPB is
achieved by destructive interference. For example, it is straightforward to interpret the two-
photon population |c5|2 = |A52c2 +A53c3|2 as the interference of two leading-order pathways:
(#1) |0, 0〉 → |1, 0〉 → |2, 0〉 and (#2) |0, 0〉 → |1, 0〉 → |0, 1〉 → |1, 1〉 → |2, 0〉 as shown in
Fig. 1b. The phase difference between the probability amplitudes for these two pathways
δθ = Arg(A52c2)−Arg(A53c3) is plotted as a function of driven laser frequency ω in Fig. 2h.
At ω = 2 eV where g(2)(0) reaches its minimum (Fig. 2c), the two pathways are out of phase
(δθ = pi), as indicated by the blue dot. This is the evidence of destructive interference.
Plexcitonic systems with distinguishable emitters
Once we have demonstrated that a quantum plexcitonic system with indistinguishable emit-
ters could support either PB or UPB effect, we will show how the system can become actively
reconfigurable between the two effects by introducing a second type of emitter e2 into the
picture. This also describes most plexcitonic systems with distinguishable emitters, as the
subwavelength field localizations naturally make the quantum emitters spatially distinguish-
able. In Fig. 3, we show a proof-of-concept study on how the second emitter e2 modifies
the emission property of the original cavity-e1 plexcitonic system. In the present study, the
cavity-e1 system is initially set into UPB state based on the resonant system (ωc = ωe1 = 2
eV) in Fig. 2c. The second emitter e2 has a fixed decay rate of γe2 = 60 meV, whereas
ge2 and ωe2 are the variables. Figure 3a maps out g
(2)(0) and g(3)(0) as a function of the
detuning between e2 and the cavity ∆e2,c = ωe2 − ωc, when e2 is coupled to the cavity with
ge2 = 80 meV. As previously discussed, the photon blockade regions only appear when the
probing frequency ω is close to the frequencies of the two emitters, as the nonlinearity of
the plexcitonic system arises from the quantum emitters. With the addition of the e2, it is
observed that PB can now be realized in the near-resonant blue islands highlighted by the
dashed rectangles.
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Figure 3: Plexcitonic systems with distinguishable emitters. (a) The effect of the
detuning between the second emitter and the cavity ∆e2,c on the correlation functions g
(2)(0)
and g(3)(0) for a fixed coupling rate ge2 = 80 meV. Dashed rectangles highlight the PB region.
(b) Case study of reconfiguration from UPB anti-paired to PB anti-bunched quantum light
source by a second emitter e2 slightly detuned from the cavity-e1 system with ∆e2,c = 40
meV. The lines and the dots are the simulation results from the Lindblad master equation
and the analytic solutions from the equations-of-motion method, respectively. (c) Calculated
energy level diagrams as a function of the coupling rate between e2 and the cavity ge2, with
fixed ∆e2,c = 40 meV. Here, the extinction spectra for ge2 = 0 and ge2 = 80 meV are provided
to indicate the DOS of these two plexcitonic systems. In present study, a resonant cavity-e1
system is employed with ωc = ωe1 = 2 eV, κ = 350 meV, γe1 = 80 meV, and ge1 = 80 meV.
The second emitter has fixed γe2 = 60 meV, whereas ωe2 and ge2 are the variables.
To elaborate the reconfiguration, in Fig. 3b, we start from the anti-paired UPB (g(2)(0) <
1 but g(3)(0) > 1) light source with ge2 = 0 in Fig. 2c, and show that it changes to an
anti-bunched PB (g(2)(0) < 1 and g(3)(0) < 1) light source when e2 with small detuning
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∆e2,c = 40 meV couples to the cavity with ge2 = 80 meV, driven by the same laser at
ω = 2 eV. Similarly, we can also obtain analytic solutions for g(2)(0) and g(3)(0) for the
plexcitonic system with distinguishable emitters (i.e., cavity-e1-e2) by equation-of-motion
method (Supporting Information). The analytic solutions of g(2)(0) and g(3)(0) in Fig. 3b
again agree well with those obtained from the Lindblad master equation.
The PB region is found to be critically dependent on the coupling rate ge2 between the
second emitter and the cavity. To provide a simple physical picture, we plot the energy levels
of the cavity-e1-e2 plexcitonic system as a function of ge2 in Fig. 3c. With the participation
of e2, three (or four) energy levels appear for the first (or second) energy band. For the first
energy band around 2 eV, the second emitter e2 (dashed line) will increase the energy level
splittings of the cavity-e1 system (solid and dotted lines), when the perturbation becomes
stronger, i.e., ge2 is larger. For the second energy band around 4 eV, in addition to the
increased cavity-e1 energy splitting, e2 (dashed line) starts to strongly interact with the
cavity (solid line), revealing a clear anti-crossing feature near ge2 = 80 meV. This results in
a minimum DOS, blocking the absorption of second photon for the cavity-e1-e2 PB system,
as indicated by the grey arrows. In contrast, for the UPB system with indistinguishable
emitters at ge2 = 0 (green arrows), both the first and second photons occupy some optical
energy states with much higher DOS.
The study above explains the mechanism to reconfigure a photon source between UPB
and PB states in a plexcitonic system, when the indistinguishable quantum emitters become
distinguishable during a typical reconfiguration process. It is based on a simplified quan-
tum optics model without taking into consideration of any plasmonic cavity design. In the
following, we will illustrate the reconfiguration process in a realistic plasmonic cavity.
Realistic plexcitonic systems
With rapid development in quantum plasmonics,47,48 our proposal becomes experimentally
feasible. In particular, the recently developed di-excitonic strong coupling system36,49 would
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be an ideal experimental platform to realize the reconfigurable photon source. Potential
di-excitonic strong coupling systems include the monomer and aggregate forms of the same
molecule, or photochromic spiropyran molecules,50 whose ratios could be chemically (or
photo-chemically) and reversibly controlled. This chemical scheme of reconfiguration typi-
cally changes the energy of emitter, making them distinguishable. In Fig. 4, we elaborate the
idea on an Au nanoprism with side length of 55 nm and a plasmon resonance at 2 eV or 620
nm. Initially, emitters e1, which is on resonance with the nanoprism, are coated around the
entire surface of the nanoprism. When the chemical reaction starts, the emitters e1 partially
transform to a new type of emitters e2 with the energy of ωe2 = 2.04 eV.
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Figure 4: Chemically reconfigurable single photon sources on nanoprisms. (a) The
simulated absorption spectrum to identify the nanoprism plasmon mode, which is designed
on resonance with the emitters e1. Dashed grey and red lines represent the energies of the
two types of emitters e1 and e2. (b) Schematics of the reconfigurable single photon source
modulated via a chemical reaction. Before the chemical reaction (left), 100% emitters e1
are coupled to the nanoprism. After the chemical reaction (right), a portion of emitters
e1 is transformed to a new type of emitters e2. (c) The effect of the fraction of e1 on the
correlation functions g(2)(0) and g(3)(0), with the PB region highlighted in light blue arrow.
To generalize the problem, we treat the two types of emitters e1 and e2 at two different
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locations, A and B, as four distinguishable emitters. The Hamiltonian is written as:
H = ∆ca
†a+ ∆A1σ+A1σ
−
A1 + ∆B1σ
+
B1σ
−
B1 + ∆A2σ
+
A2σ
−
A2 + ∆B2σ
+
B2σ
−
B2 + El(a+ a
†)
+ ge1(aσ
+
A1 + a
†σ−A1) + ge1(aσ
+
B1 + a
†σ−B1) + ge2(aσ
+
A2 + a
†σ−A2) + ge2(aσ
+
B2 + a
†σ−B2),
(4)
where the frequencies are ωc = 2 eV, ωA1 = ωB1 = 2 eV representing e1 at locations A and
B, and ωA2 = ωB2 = 2.04 eV representing e2 at locations A and B. Depending on the number
ratio of e1 and e2, the coupling rates
26 are ge1 = 100
√
f and ge2 = 100
√
1− f , respectively,
with 0 ≤ f ≤ 1 representing the fraction of e1. In this case, the coupling rate is independent
of the location, due to the same electric fields at A and B. Taking into account the dissipative
terms, κ = 350 meV, γe1 = γe2 = 60 meV, the Lindblad master equation is then:
∂tρ = i[ρ,H] +
κ
2
D[a]ρ+ γe1
2
D[σ−A1]ρ+
γe1
2
D[σ−B1]ρ+
γe2
2
D[σ−A2]ρ+
γe2
2
D[σ−B2]ρ. (5)
As the fraction of e1 begins dropping from 100% gradually to 0, we do observe the recon-
figuration from UPB to PB at the driving frequency of 2 eV (tuned to e1), or from PB to
UPB at the driving frequency of 2.04 eV (tuned to e2), as shown by the calculated g
(2)(0)
and g(3)(0) in Fig. 4c. If the driving frequency falls between 2 and 2.04 eV, we are able
to see a reconfiguration from UPB to PB and then UPB again. In short, a reconfigurable
photon source between anti-bunched (PB) and anti-paired (UPB) states can be realized by
chemically controlling the ratio of e1 and e2. The effect originates from the different emitter
energies of ωe1 and ωe2, and the varied coupling rates of ge1 and ge2 along with the changed
number ratio. It should be noted that the coupling rate at the two extreme cases with all
e1 (f = 1) or all e2 (f = 0) should be larger than 90 meV in order to observe this recon-
figuration. The size of the PB region, i.e., the blue area in g(3)(0), or the fraction range of
e1 to observe PB, is tunable by varying the coupling rate at the two extreme cases. With
this number set to 100 meV, we observe the PB region with 40−60% of e1 (see Fig. 4c).
Increasing the coupling rate at the two extreme cases continuously reduces the area of PB
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region centralized around 50% of e1, until it disappears at 170 meV.
Figure 5: Optically reconfigurable single photon sources on nanoprisms. (a) The
simulated absorption spectrum to identify the nanoprism plasmon mode, which is designed
on resonance with the emitters e1. Inset: schematics of the reconfigurable single photon
source modulated by the polarization angle α of the incident light, in which the coupling
rate between the emitters and the nanoprism is strongly dependent on the local electric field.
(b) The electric field distributions of the nanoprism plasmon mode (top) and the local electric
fields at the three apexes (bottom) as the polarization angle α of incident light is rotated
from −30◦ to 150◦. (c) The effect of the incident polarization angle α on the correlation
functions g(2)(0) and g(3)(0), with the PB region highlighted in light blue arrow.
While the chemical scheme directly changes the properties of emitter, we could externally
rotate the polarization angle α of the incident light to tune the coupling rate of emitters, as
illustrated in Fig. 5a. Starting with a similar nanoprism-e1 resonant plexcitonic system, the
emitters coated around the entire surface of the nanoprism are now distinguished by their
locations, where we only mark down the three apexes with huge plasmonic field enhance-
ments: A, B, C. As the polarization angle α rotates from −30◦ to 150◦, the electric fields at
the three locations change accordingly, as vividly shown in Fig. 5b. The electric fields have
a direct impact on the local coupling rates,26 which can be mathematically approximated as:
gA = 85| cosα|, gB = 85| cos (α− 60◦)| and gC = 85| cos (α + 60◦)|, following the same trend
of EA, EB and EC in Fig. 5b. These location-dependent coupling rates should be taken into
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the Hamiltonian:
H = ∆ca
†a+ ∆A1σ+A1σ
−
A1 + ∆B1σ
+
B1σ
−
B1 + ∆C1σ
+
C1σ
−
C1 + El(a+ a
†)
+ gA(aσ
+
A1 + a
†σ−A1) + gB(aσ
+
B1 + a
†σ−B1) + gC(aσ
+
C1 + a
†σ−C1),
(6)
where the frequencies are ωc = ωA1 = ωB1 = ωC1 = 2 eV, representing the same type of e1
sitting at different locations. These same type of emitters e1 become distinguishable due to
the variations of the location-dependent coupling rates. With κ = 350 meV and γe1 = 80
meV, the Lindblad master equation is written as:
∂tρ = i[ρ,H] +
κ
2
D[a]ρ+ γe1
2
D[σ−A1]ρ+
γe1
2
D[σ−B1]ρ+
γe1
2
D[σ−C1]ρ. (7)
The results of calculated g(2)(0) and g(3)(0) are shown in Fig. 5c, where a repeating reconfig-
uration pattern of PB−UPB of cycle of 60◦ are observed with the tuning polarization angle
α, when driven by a laser of 2 eV in resonance with the emitters. The repeating cycle of
60◦ in the correlation function of g(3)(0) in Fig. 5c follows the electric field distributions in
Fig. 5b, where an equivalent field distribution appears every 60◦. Within each cycle of 60◦,
the modulation of g(3)(0) below and above one is necessary to realize the reconfiguration
between UPB and PB, which can only be achieved with peak coupling rate between 80 and
100 meV. In this example, we are showing results of 85 meV.
Conclusions and outlook
In conclusion, we have theoretically proposed a single photon source based on a quantum
plexcitonic system with moderate nonlinearity. Either PB anti-bunched or UPB anti-paired
photon source can be realized in a well-designed plexcitonic system with indistinguishable
emitters. To turn the passive device active, a second type of emitters can be introduced
to reconfigure the quantum photon source between the PB anti-bunched and UPB anti-
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paired states via tuning the energy band. In other words, this category of commonly seen
plexcitonic systems with distinguishable emitters are particularly useful in realizing reconfig-
urable photon source. We demonstrate two realistic schemes of reconfiguration based on the
same nanoprism plasmonic cavity, either chemically or optically. The chemical way directly
changes the properties of the emitters, while the optical means externally varies the electric
field distributions of the plasmonic cavity so as to change the coupling rate of the emitters
at different locations. The latter, making emitters spatially distinguishable, is recognized as
the key feature of plexcitonic systems. Interesting further study includes investigating the
collective excitation in the strong light-matter coupling system of multi-emitters and plas-
monic cavities, which remarks the first step toward many-body phenomena such as optical
superfluidity.51–53
From another perspective, the electromagnetic environment surrounding the plexcitonic
system could influence the plasmon-emitter coupling. For example, in a vacuum environment,
the radiative field originates from the near-field of the plasmon-emitter hybrid system and,
as a consequence, there is no further coupling between the radiative field and the near-field.
However, when an external microcavity is introduced into the system, the radiative field is
now confined inside the microcavity, with its lifetime being related to the cavity quality fac-
tor. This idea leads to the concept of microcavity plasmonics,47,54,55 in which an embedding
photonic microcavity is utilized to engineer the response of plasmonic nanostructures. In
this way, both the high field concentration associated with localized surface plasmons and
the low damping of cavity photons could be exploited to achieve a better performance.
Methods
Quantum mechanical description based on Lindblad master equation
A quantum emitter, such as an atom, a molecule, or a quantum dot, can be modeled by
a two-level system with ground state |g〉 and excited state |e〉 separated by the transition
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frequency ωe1. The Hamiltonian of such an emitter is written as ωe1σ
+
e1σ
−
e1 with σ
+
e1 = |e〉〈g|
(or σ−e1 = |g〉〈e|) being the raising (or lowering) operator. For classical light source with
Poissonian and super-Poissonian distributions, the system can be described by a semiclassical
theory, where the plasmonic cavity is modeled as an electromagnetic wave and the emitter
is modeled as a two-level system. In contrast, sub-Poissonian light requires a quantization
of the electromagnetic field to properly describe the particle nature of the light. In this
work, the single-mode plasmonic cavity is described by the standard Hamiltonian ωca
†a,
where ωc is the cavity mode frequency, and a is the photon annihilation operator obeying
the bosonic commutation relation [a, a†] = 1. The interplay of emitter and cavity is mediated
via the electric-dipole interaction with the coupling rate ge1. When ge1  ωc, ωe1, the quickly
oscillating counter-rotating terms can be neglected by the rotating wave approximation. The
resulting Hamiltonian is the well-known Jaynes-Cummings interaction, ge1(aσ
+
e1 +a
†σ−e1). To
probe a nontrivial output of photons in the lossy environment, we drive the system using a
weak coherent light, El(ae
iωt + a†e−iωt), with laser field strength El and laser frequency ω.
Within the rotating frame,37,38 our plasmonic cavity with single emitter can be described by
the following Hamiltonian:
H = ∆ca
†a+ ∆e1σ+e1σ
−
e1 + ge1(aσ
+
e1 + a
†σ−e1) + El(a+ a
†), (8)
where ∆c = ωc − ω and ∆e1 = ωe1 − ω are the laser detunings for the cavity and emitter,
respectively. Meanwhile, the plasmonic cavity and the emitter are exposed in a dissipative
environment, which are described by the Lindblad master equation:
∂tρ = i[ρ,H] +
κ
2
D[a]ρ+ γe1
2
D[σ−e1]ρ, (9)
where κ and γe1 are the decay rates of the cavity and the emitter, respectively. The system
is described by the density matrix ρ and various dissipation channels for operator oˆ are
described by the Lindblad term D[oˆ]ρ = 2oˆρoˆ† − ρoˆ†oˆ− oˆ†oˆρ. The first term represents the
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coherent evolution of the system; the second and third terms correspond to the dissipations
from the cavity and the emitter to the environment, respectively.
For the system with two emitters, the additional emitter can also be modeled as a two-
level excitonic system ωe2σ
+
e2σ
−
e2, which is coupled to the plasmonic mode by the Jaynes-
Cummings interaction, ge2(aσ
+
e2 + a
†σ−e2). Similarly, the spontaneous emission rate γe2 of the
second emitter is taken into account by the Lindblad term γe2
2
D[σ−e2]ρ.
Photon statistics
Photon counting experiments40–45 allow us to reconstruct the photon-number distribution
P = {Pm|m = 0, 1, 2, ...} and to evaluate any orders of the correlation function at zero delay
via the relationship:
g(n)(0) =
∞∑
m=n
m!
(m− n)!
Pm
〈Nˆ〉n , (10)
where g(n)(0) is the n-th order correlation, Pm is the probability to measure m photons, and
〈Nˆ〉 =∑mmPm is the mean photon number of the cavity field where Nˆ = a†a is the particle
number operator. Principally, we are able to determine the correlations up to the order of
the highest measured photon number. Thus the correlations of cavity field, such as g(2)(0)
and g(3)(0) used in this work, can be reconstructed from the photon-number distribution.
Once the photon counting experiments produce the photon number distribution, the
intrinsic statistical nature of photons in a light source could be analyzed. Three regimes
of statistical distributions can be classified according to the properties of the light source:
Poissonian, super-Poissonian, and sub-Poissonian, which correspond to the coherent light,
classical light, and quantum light. To experimentally reveal the photon blockade effects,
we can compare the photon-number distribution of the cavity field with the Poissonian
distribution of the coherent light. For the state of coherent light |α〉 =∑∞m=0 αm√m!e− |α|22 |m〉,
by projecting the coherent state onto the Fock state |m〉, the probability to find m photons
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is exactly the Poissonian distribution:
Pm = |α|
2m
m!
e−|α|
2
=
〈Nˆ〉m
m!
e−〈Nˆ〉, (11)
which is a distinct feature of the coherent light source. For a cavity field characterized by
the reduced steady density matrix ρc,steady = Treρ
steady, the probability to find m photons is
Pm = 〈m|ρc,steady|m〉. Here, Tre is the partial trace over the sub-spaces of emitters. We thus
arrive at a measure to show the relative deviation of a given photon-number distribution
from the corresponding Poissonian distribution:14,40
δPm =
Pm − Pm
Pm .
(12)
For the lossy plasmonic nanostructure in the weak-driving regime, the photon-number dis-
tribution fulfills the condition Pm  Pm+1 and the mean photon number in the steady state
is nearly zero, 〈N〉 ≈ 0. Thus the first term (i.e., m = n) is the dominant term in the
n-th order correlation in Eq. (10). By replacing the index n by m, we have the m-th order
correlation:
g(m)(0) ≈ m!Pm〈N〉m , (13)
and the Poissonian distribution can be approximated as:
Pm ≈ 〈Nˆ〉
m
m!
. (14)
In short, when the population of m photons Pm is suppressed (or enhanced), i.e., δPm < 0
(or > 0), the m-th order correlation is simultaneously suppressed (enhanced), i.e., g(m)(0) <
1 (or > 1). Therefore, the photon-number distribution is directly related to the photon
correlation function in the lossy plexcitonic system.
21
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Supporting Information
Equations-of-motion method to obtain the correlations at zero de-
lay
To explain the numerical results from Lindblad master equation and understand the quantum
interference mechanism for UPB, we derive a set of analytic solutions based on equations-
of-motion method. For the single-emitter system, we introduce anti-Hermitian terms to
the Hamiltonian in Eq. (8) in the main text to describe the dissipation of the cavity and
the emitter according to the quantum trajectory method.46 The effective non-Hermitian
Hamiltonian is thus given by:
Heff = ∆
′
ca
†a+ ∆
′
e1σ
+
e1σ
−
e1 + ge1(aσ
+
e1 + a
†σ−e1) + El(a+ a
†), (S1)
where ∆
′
c = ∆c − iκ/2 and ∆′e1 = ∆e1 − iγe1/2. To calculate the correlations at zero delay
up to the third order, the Hilbert space needs to be truncated at least to the 3-plexciton
subspace. Therefore, the wave-function can be written as:
|ψ(t)〉 = c1(t)|0, 0〉+ c2(t)|1, 0〉+ c3(t)|0, 1〉+ c4(t)|1, 1〉+ c5(t)|2, 0〉+ c6(t)|2, 1〉+ c7(t)|3, 0〉.
(S2)
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Substituting the wave-function in Eq. (S2) into the Schro¨dinger equation, i∂t|ψ(t)〉 =
Heff|ψ(t)〉, we have:14,56
ic˙1(t) = Elc2(t),
ic˙2(t) = ∆
′
cc2(t) + ge1c3(t) + Elc1(t) +
√
2Elc5(t),
ic˙3(t) = ∆
′
e1c3(t) + ge1c2(t) + Elc4(t),
ic˙4(t) = (∆
′
c + ∆
′
e1)c4(t) +
√
2ge1c5(t) + Elc3(t) +
√
2Elc6(t),
ic˙5(t) = 2∆
′
cc5(t) +
√
2ge1c4(t) +
√
2Elc2(t) +
√
3Elc7(t),
ic˙6(t) = (2∆
′
c + ∆
′
e1)c6(t) +
√
3ge1c7(t) +
√
2Elc4(t),
ic˙7(t) = 3∆
′
cc7(t) +
√
3ge1c6(t) +
√
3Elc5(t).
(S3)
Under weak-driving condition, the steady probability amplitudes should satisfy the relations:
{c1}  {c2, c3}  {c4, c5}  {c6, c7}. (S4)
We can approximately solve Eq. (S3) using a perturbation method by discarding higher-
order terms in each equation for lower-order variables. For the probability amplitude {c1} of
the 0-plexciton state, ic˙1 ≈ 0 thus we have c1 ≈ 1. This is reasonable under the weak-driving
and large decay conditions, i.e., photons are inclined to decay into the ground state.
For the steady probability amplitudes {c2, c3} of the 1-plexciton states, we can make a
three-state truncation of the Hilbert space. Keeping only the ground state |0, 0〉 and the
excited states {|1, 0〉, |0, 1〉}, and setting the right-hand side of Eq. (S3) to zero, we have:
∆
′
cc2 + ge1c3 + El = 0,
∆
′
e1c3 + ge1c2 = 0.
(S5)
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Thus the probability amplitudes for the 1-plexciton states are:
c2 = El
−∆′e1
∆′c∆
′
e1 − g2e1
, c3 = El
ge1
∆′c∆
′
e1 − g2e1
. (S6)
Similarly, for the steady probability amplitudes {c4, c5} of the 2-plexciton states, we can
make a five-state truncation of the Hilbert space, then we have:
(∆
′
c + ∆
′
e1)c4 +
√
2ge1c5 + Elc3 = 0,
2∆
′
cc5 +
√
2ge1c4 +
√
2Elc2 = 0,
(S7)
and therefore,
c4 = A42c2 + A43c3, c5 = A52c2 + A53c3,
A42 = El
ge1
∆′c(∆
′
c + ∆
′
e1)− g2e1
, A43 = El
−∆′c
∆′c(∆
′
c + ∆
′
e1)− g2e1
,
A52 =
El√
2
−(∆′c + ∆′e1)
∆′c(∆
′
c + ∆
′
e1)− g2e1
, A53 =
El√
2
ge1
∆′c(∆
′
c + ∆
′
e1)− g2e1
.
(S8)
Thus the second-order correlation at zero delay is given by:
g(2)(0) =
〈a†2a2〉
〈a†a〉2 =
2|c5|2
(|c2|2 + |c4|2 + 2|c5|2)2 ≈
2|c5|2
|c2|4 .
(S9)
Similarly, for the steady probability amplitudes {c6, c7} of the 3-plexciton states,
(2∆
′
c + ∆
′
e1)c6 +
√
3ge1c7 +
√
2Elc4 = 0,
3∆
′
cc7 +
√
3ge1c6 +
√
3Elc5 = 0,
(S10)
we have:
c6 = El
−√2∆′cc4 + ge1c5
∆′c(2∆
′
c + ∆
′
e1)− g2e1
, c7 =
El√
3
√
2ge1c4 − (2∆′c + ∆′e1)c5
∆′c(2∆
′
c + ∆
′
e1)− g2e1
, (S11)
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and the third-order correlation at zero delay is:
g(3)(0) =
〈a†3a3〉
〈a†a〉3 =
6|c7|2
(|c2|2 + |c4|2 + 2|c5|2 + 2|c6|2 + 3|c7|2)3 ≈
6|c7|2
|c2|6 .
(S12)
On the other hand, the similar derivation procedure can be applied to the system with
two emitters. First of all, the effective non-Hermitian Hamiltonian is given by:
Heff = ∆
′
ca
†a+ ∆
′
e1σ
+
e1σ
−
e1 + ∆
′
e2σ
+
e2σ
−
e2 + ge1(aσ
+
e1 + a
†σ−e1) + ge2(aσ
+
e2 + a
†σ−e2) + El(a+ a
†),
(S13)
where ∆
′
e2 = ∆e2− iγe2/2. To calculate the correlations at zero delay up to third order, simi-
larly, the Hilbert space needs to be truncated at least to the 3-plexciton subspace. Therefore,
the wave-function can be written as:
|ψ(t)〉 = c1(t)|0, 0, 0〉
+ c2(t)|1, 0, 0〉+ c3(t)|0, 1, 0〉+ c4(t)|0, 0, 1〉
+ c5(t)|2, 0, 0〉+ c6(t)|1, 1, 0〉+ c7(t)|1, 0, 1〉+ c8(t)|0, 1, 1〉
+ c9(t)|3, 0, 0〉+ c10(t)|2, 1, 0〉+ c11(t)|2, 0, 1〉+ c12(t)|1, 1, 1〉.
(S14)
Under weak-driving condition, the steady probability amplitudes satisfy the relations:
{c1}  {c2, c3, c4}  {c5, c6, c7, c8}  {c9, c10, c11, c12}. (S15)
Similar to the single-emitter system, the photons are inclined to decay into the ground state
under the condition of weak-driving and large decay, which lead to ic˙1 ≈ 0 and c1 ≈ 1.
For the steady probability amplitudes {c2, c3, c4} of the 1-plexciton states, we can truncate
the Hilbert space up to the 1-plexciton states, then the equations for the steady probability
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amplitudes are given by:
∆
′
cc2 + ge1c3 + ge2c4 + El = 0,
∆
′
e1c3 + ge1c2 = 0,
∆
′
e2c4 + ge2c2 = 0.
(S16)
Thus the steady probability amplitudes for the 1-plexciton states are:
c2 = El
−∆′e1∆′e2
∆′c∆
′
e1∆
′
e2 − g2e1∆′e2 − g2e2∆′e1
,
c3 = El
ge1∆
′
e2
∆′c∆
′
e1∆
′
e2 − g2e1∆′e2 − g2e2∆′e1
,
c4 = El
ge2∆
′
e1
∆′c∆
′
e1∆
′
e2 − g2e1∆′e2 − g2e2∆′e1
.
(S17)
Similarly, for the steady probability amplitudes {c5, c6, c7, c8} of the 2-plexciton states, we
can truncate the Hilbert space up to the 2-plexciton states, then the steady probability
amplitudes can be obtained by solving the following equations:

2∆
′
c
√
2ge1
√
2ge2 0
√
2ge1 ∆
′
c + ∆
′
e1 0 ge2
√
2ge2 0 ∆
′
c + ∆
′
e2 ge1
0 ge2 ge1 ∆
′
e1 + ∆
′
e2


c5
c6
c7
c8

= −El

√
2c2
c3
c4
0

. (S18)
Therefore, the second-order correlation function at zero delay is given by:
g(2)(0) =
2|c5|2
(|c2|2 + 2|c5|2 + |c6|2 + |c7|2)2 ≈
2|c5|2
|c2|4 . (S19)
Similarly, we can obtain the steady probability amplitudes {c9, c10, c11, c12} of the 3-plexciton
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states by solving equations:

3∆
′
c
√
3ge1
√
3ge2 0
√
3ge1 2∆
′
c + ∆
′
e1 0
√
2ge2
√
3ge2 0 2∆
′
c + ∆
′
e2
√
2ge1
0
√
2ge2
√
2ge1 ∆
′
c + ∆
′
e1 + ∆
′
e2


c9
c10
c11
c12

= −El

√
3c5
√
2c6
√
2c7
c8

. (S20)
The third-order correlation function at zero delay is then given by:
g(3)(0) =
6|c9|2
(|c2|2 + 2|c5|2 + |c6|2 + |c7|2 + 3|c9|2 + 2|c10|2 + 2|c11|2 + |c12|2)3 ≈
6|c9|2
|c2|6 . (S21)
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